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20. ABSTRACT (continued)

T~~of area 18 neurons were studied in the awake , behaving monkey . Cells were
divided int o six different classes on the basis of their stimulus preferences and
spatial characteristics. Orientation cells were sensitive t o the orientation of
elongated stimuli. Color cells had nonor iented receptive fields with spatially
coextensive opponent color inputs. Direction cells preferred moving stimuli,
giving the greatest response to movement in some direction and no response or
inhibition to movement in the opposite direction. Spot cells preferred a properly
positioned small Spot of light and responded equally well to all directions of
stimulu s movement. Border cells responded best to a stimulus that filled an
excitatory region without encroaching on a powerful suppressive flank . Light-
inkibited cells had high maintained spontaneous activity that was reduced or
abolished by light~~ Most cells responded equally well to monocular and binoc-
ular stimulationy7some orientation cells greatly preferred binocular stimulation.
In cL .iclusion, in~ ependent classes of cells in area 18 perform qualitatively dif-
ferent analyses 4f incoming visual informati on. Our data suggest that area 18
is involved in vifrual perception. Since perceptual difficulties are included in the
early transient 1tncapacitation occurring postirradiation , these experiments
suggest that a7a 

18 should be very sensitive to ionizing radiation.
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SUMMARY

Visual responses of cells in the posterior bank of the lunate sulcus, area

V 18, were studied in the awake animal trained on a fixation task. During the

course of studying many cells with a variety of stimuli we found that cells could

be divided into six different receptive field classes. We gave each class a de-

scriptive name: orientation, color, direction, spot, border, and light—inhibited.

Orientation cells responded best to a properly oriented, elongated stimulus.

Most preferred a slit that was narrow relative to the total width of the receptive

fie ld. They responded about equally well to both directions of movement of a

proper ly oriented stimulus and were indifferent to color.

Color cells responded with excitation to some colors and inhibition to

others. All gave spatially coextensive color opponent responses in a round or

oval center. Some had suppressive surrounds which limited the size of a stimu-

lus effective in eliciting one, or both, of the center responses.

Direction cells responded max imally to a spot or slit of light moving in a

specified direction across their receptive fields. Movement in the opposite di-

rection elicited either no response or inhibition. These cells were indifferent to

color , contrast, and leading edge configuration of moving stimuli; some showed

weaker responses to elongated stimuli.

Spot cells preferred a properly positioned small spot of light. Changing

the position or increasing the size of an optimal stimulus weakened the response.

The optimal stimulus was usually small relative to the total field extent. Spot

cells responded equally well to different stimulus colors , and to all directions

of movement.

Border cells responded best to a stimulus that filled an excitatory region

without encroaching on a powerful suppressive flank . The excitatory region

V could be delimited by mapping with small spots. The presence of the flank was

Indicated by the
rn 

decrea~~~l e~~~ tlv~~~sS of stimuli extending into that part of

the fteld. 
____
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Light-inhibite d cells were distinguished by high, regular spontaneous ac-

tivity which was reduced or abolished by light falling on their receptive fields.

Field centers were round or oval; some fields had suppressive surrounds.

These cells did not have color opponent properties.

Stimuli were always presented on the fixation plane. Most cells responded

equally well to monocular and binocular stimulation . Some orientation cells re-

sponded much better to binocular than monocular stimulation.

There are six independent c lasses of cells in area 18. Separate classes

perform qualitatively different analyses ~f incoming visual information. The

most likely sources of input to these cells are cells in area 17 with similar

properties.
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INTRODUCTION

A major approach to understanding the neural basis of vision has been the

analysis of receptive fields of cells at different sites along the visual pathways.

The classic work on striate cortex (area 17) of cat and monkey24
’26 emphasized

the role of this area in the analysis of form. Iluhel and Wiesel described simple

and complex, and , later , hypercomplex cells in area 17 of the cat. All pre-

ferred elongated stimuli, and all were sensitive to stimulus orientation. In area

17 of the monkey , the same authors identified the same basic cell types, as well

as a population of units lacking orientation specificity.26 Color specificity and

directional selectivity were noted in some neurons, but were largely discu ssed

as subsidiary properties of orientation sensitive simple, complex and hypercom-
plex cells. A few color-specific cells were reported to have receptive fields

with inhibitory surrounds and no orientation specificity.

In an investigation of color processing in foveal area 17 of the monkey,

Dow and Gouras 14 reported a populat ion of color cells with spatially coextensive

color opponent center inputs and no surround inhibition. These cells were unlike

either the orientation sensitive color cells or the nonoriented color cells de-

scribed by Hubel and Wiesel26 and seemed more concerned with color than with

spatial information . Wurtz40 studying the awake, behaving monkey reported that

almost all directionally selective neurons cam e from a population of striate cells

giving transient responses to stationary stimuli. Dow11 subsequently noted that

direction selective cells showed broader orientation tuning than another group of

cells without direction selectivity. These findings prompted the suggestion11
’ 
14

that different , independent populations of striate neurons were concerned with

analysis of either orientation, color, or movement, the elaboration of orienta-

tion sensitive cells being then only one of several functions of striate cortex in

monkey.

Striate cortex represents only the first stage in the cortical processing of

visual information. There are several possibilities for the course of subsequent

processing. The segregation of function by different cell groups might persist ,
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or even increase. Alternatively, fthers from cells of different types might con-

verge, resulting In higher order cells with compound functions. We have ex-
plored these aiternatives in one of the cortical regions that receives a direct
projection from area 17, namely area 18 or VII.8’9’31’4

~ In monkey, unlike
cat , area 18 does not receive a direct projection from the lateral genlculate nu-

19 20 28,38c leus. ‘ ‘ In this Study our recordings have been restricted to the pos-
ten or bank of the lunate sulcus, which contains the representation of the lower ,

contralateral ~isual field. Previous reports4
’ 27,29 have implicated some cells

in area 18 of the monkey in the processing of binocular disparity information;

Dow1° reported a population of nonoriented color cells in foveal area 18. There

has , however , been no published comprehens ive study of the visual responses of

neurons in this region.

During the course of studying many cells with different sizes, shapes,
orientations and colors of stationary and moving stimuli , we found we could dl-

~‘ide cells into six different receptive field classes . Each class was uniquely

defined by the combination of stimulus preferences and spatial characteristics of

the cells included. Our results suggest that in area 18, as in area 17, different,

independent, classes of cells are concerned with processing different kinds of

visual information. Brief reports of some of these findings have been

presented. 1—3 ,12,13

ME THODS

Procedures for behavioral control, recording and receptive field analyses

were similar to those previously described for the Study of visual receptive fields

in the awake monkey.2~’
40

Behavioral procedures, Three rhesus monkeys (Macaca mulatla) were

trained to press a bar to turn on a fixation light on a tangent screen 57 cm in

front of them. The light stayed on for a randomly selected, variable time, be-\

tween 0.5 and 3 sec; and then dimmed for about 0.5 sec. If the monkey re-

leased the bar during the dim period, it received a drop of liquid, either water

8
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or fruit drink, as a reinforcement. Animals were trained to perform this task

with both C~~V C S  open and also w ith either eve occluded.

Ilecording procedures. During recording sessions , the monkey ’s head was

immobilized by Lolts previously implanted in the skull. Direct current electro-

oculograms \vcrc recorded with chronically implanted silver—silver chloride pel-

let electrodes as described previously . 
“

‘~~~~~

Single cell recordings were obtained from glass insulated platinum-iridium

microe lectrode s39 using the Evarts hydraulic c losed chamber microdrive. 18

‘l’he base of the microdnive was implanted over the lunate sulcus , in the stereo—

taxic vertical plane. Electrodes were lowered through striate cortex into the

cortex in the infolded lunate sulcus.

To localize selecte d cells histologically, lesions were made in some pene-

trations by passing 10 MA of cathodal current for 60 sec through the electrode tip.

At the end of the experiment the monkey was anesthetized and perfused with sa-

line and then Formalin. Parasagittal frozen sections 50 ~m thick were stained

with cresv l violet. Precise localization information was available on relatively

few of the tota l number of penetrations , thus recording sites on other penetra-

tions were estimated from microdrive depth readings and penetration location

in the recording chamber.

Receptive field analysis. Whi le the monkey fixated the small point of light ,

a second light, the receptive fie ld stim ulus , was projecte d onto the screen. Re-

ce ptive ficid stimuli were produced by tungsten projector lamps; white stimuli

were 1.0 or 1.6 log units above the background screen illumination of 1 cd/rn2.
Co lored stimuli , produced by inserting broad band filters into the light path,

were not matched for brightness and were yellow (Wratten # 15), green (Wratten

#6 1) , red (Wratten ~25 , blue (Wratten #47b) in order of decreasing brightness.

We compared responses to these stimuli with responses obtained by inserting

only neutral density filters in the light path.

A rectangular diaphragm was used to produce rectangular stimuli of differ-

ent lengths , widths and orientations. Moving stimuli were generated either

9
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manually by moving the projector on its tripod mount or electronically by oscil-

lating a mirr~ r mounted on a galv anometer. V isual stimuli were usually flashed

on 500 msec after the fixation point, and off at the end of that trial. When it was

desirable to look at the effects of stimulus offset, we turned the stimulus off be-

fore the animal broke fixation. We have, wherever possible, mapped receptive

V 
fields with small, stationary spots of light in order to determine the configura-

tion of excitatory and inhibitory areas .

Most cells in the awake animal are spontaneously active. Our criterion

for excitation was an increase in activ ity above the spontaneous level, Inhibition

could usually be seen as a decrease in activity below the spontaneous level; we

have relied on this decrease in activity rather than off responses as an indication

of inhibition. We have also found it useful to distinguish suppr essive areas , re-

gions which do not give evidence of an independent inhibitory input when explored

with small spots , but which limit the extent of effective excitatory or inhibitory

stimuli. We have used a qualitative definition of summation: a cell shows sum-

mation if increasing the size of a stimulus within an excitatory or inhibitory area

renders it more effective.

RESULTS

Our recordings were limited to the posterior bank of the lunate sulcus.

Figure 1A shows a lateral view of the brain and the sites of three penetrations

indicating the approximate mediolateral extent of the region explored. Figure V

1B-D show sagittal sections through striate and prestriate cortex at the different

locations. The shaded region in each section indicates the approximate limits of
- 

- recording for the different lateralities. The vertical lines represent electrode

penetrations. The circles along the tracks represent electrolytic lesions made

at the sites of specific cells , or at the end of a penetration. At the beginning of

each penetration we noted the receptive field location, in area 17, usua1ly~ rom

multip le unit recordings. Cells in underlying area 18 had slightly more eccen-

tric receptive fields (see Figure 1 legend). Cells with still more lateral

10
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Figure 1.
Area 18 recordIng sites. A is a lateral view of a
rhesus monkey brain. The numbers 1, 2, 3 mark
the sites of entry of three different electrode pene—
trations. B, C and D show sagittal sections through
the brain at the lateralities of each of the numbered
penetrations. In each section, area 17 (striate cor-
tex) Is indicated schematically by a line parallel to

1 cm the cortical surface representing the granule cell

mate extent of the lunate sulcus from which record-
ings were made at each laterality. Reconstructed
penetrations are represented as vertical lines in B,
C, and D. Lesions are represented as circles. In

B ~~~~~~~~~~~~~~~~~~~~~~ layer. The shaded areas correspond to the approxi-

penetration 1 the receptive fields in striate cortex , V

as determined by multiunit recording, were at 10 lat-
eral, 40 down. The lesion marks the approximate
recording sites of several orientation cells with re-
ceptive field centers at 30 lateral, 40 down. In pene-

- 30 down. The lesion was made at the recording site
of a spot cell w ith field center at 4~ lateral, 1-1/2°

C ~~~~~~~~~~~~~~ tration 2 the area 17 fields were at 1-1/2° lateral,

down. In penetration 3 the striate multiunit field was
at 1/2° lateral, 1-1/2° down; the upper lesion was
made at the recording site of a color cell (Figures 9B
and 10) with field center at 10 lateral, 2~ down. Fig-
ure 2 shows a photomicrograph of part of the section
from which D was drawn.

U

receptive fields were encountered in the lower lunate fold included in the shaded

area in Figu~e 113. Figure 2 is a photomicrograph of part of the section from

which Figure 1D was drawn. The superior of the two lesions was made at the

site of a color cell whose properties are described in Figures 9B and 10. The

second lesion was made to aid in identifying the penetration.

11
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Figure 2. Photomicrograph showing recording site of an area 18 color
cell. Same penetration as in Figure 1D. The upper lesion
marks the recording site. The color cell, AR195, is de-
scribed in Figures 9B, and 10. The lower lesion was made
to aid in identifying the penetration.
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Results are based on recordings from a total of 645 cells. Of these, 333

were visually driven but not studied long enough to allow classification, and 61

(61/645 , 9 percent) were not driven during the period they were held. Two hun-

dred fifty-one cells were thoroughly studied and subdivided into six classes. We

have given each receptive field class a name descriptive of the stimulus prefer-

ences of the cells included: orientation, color, direction, spot, border , and

light— inhibited.

Orientation cells. Of the 251 classified cells, 85 (34 percent) were orien-

tation cells. The defining characteristic of cells in this class was their sensitiv-

ity to the orientation of elongated stimuli . Figures 3-6 illustrate the properties

of one cell in this class. Figure 3C shows the responses to an optimally

A : . . .

Figure 3.
‘

~~ ~‘ : - Responses of an orientation cell to
variations in stimulus orientation.

B 
V • • V • - Receptive field was 5° from the verti-

cal meridian and 2_1/20 below the
• ~~: ~~~

- - “  
:.~ :•. : horizontal meridian, and is indicated

by the dashed line. Stimuli are repre-
sented by solid lines. The vertical

C : :: .: :.~;.::;: 
• bar at the left of each raster indicates

• 
- . . :~~~~~~~~~~~~~. stimulus onset as calibrated with a

• . - .  
• •  

- 
- . photocell; on most trials the stimulus

remains on for the full duration of the
V • • • • • ~~~~~ • • - - .. raster. Testing was with binocular

- presentation of stationary, flashed
‘
~ , 
\~~

‘, : .. . .. . stimuli. Monkey (AR) and unit number
(113) are indicated below the rasters
on the left. Spacing of dots beneath the

~~~~ 
E V • V  • •: rasters Is 50 msec. (These conven-

\ // : • - : tions will be followed throughout unless
V 

~j /~~ : otherwise noted. )

AR 113 50 msec

13

-



V V~~~~ 
V~~~~~~~ •

positioned and oriented narrow slit. Tilting the slit by about 20° (Figure 3B, D)
weakens the responses; at 450 from the optimal orientation the cell no longer
responds (Figure 3A,E).

V Figure 4 shows the responses of this cell to different positions and dimen-

sions of an optimally oriented stimulus. The best responses occur when the slit
is at positions C or D. Placing it at position B weakens the response. At posi-
tions A and E the slit is ineffective. The receptive field for this, and other cells
in this class, is defined as the area in which an optimally oriented appropriate

A ~

V : .V J
. Y

V B I ; V : ~~~~~~~~

C

Figure 4.
D 

V
. V . V~~•

V
V ;  V ,  

V . :  V Responses of an orientation cell to
- different positions and dimensions

• 
• • V V V V of an optimally oriented slit. This

is the same cell described in

E I V ’V
•

V
•

. 
V 

•

~~~~~~
. Figure 3.

~~~
“

— AR113 50 msec
10

14

~ 
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stimulus could drive the cell. Although the wide slit in Figure 4F is still clearly
within the receptive field, there is almost no response to it. One edge of either
contrast centered in the field also elicited a very weak response. This cell
shows a preference for narrow slits centered in Its receptive field. Increasing
the length of an effective stimulus does not diminish the response to It (Fig-
ure 4G). The same cell is vigorously driven by a moving stimulus (Figure 5),

A .; :;— . • ... ..I

B 
_ _

AR113 50 ms.c

Figure 5. Responses of an orientation cell to movement of an optimally
oriented slit. Arrows show direction of movement, velocity
3°/sec. This is the same cell as in Figures 3 and 4.

with responses about equal to the two directions. Figure 6 shows the responses

of this cell to variations of the color of an optimal stationary stimulus. Re-

sponses to red, yellow, green and blue are about equal.
Figure 7 summarizes data from 36 orientation cells, showing the range

of stimulus orientations effective in eliciting some excitatory response. The

narrowest range was about 150, the broadest about 950, with 400 to 600 the

most common. Most of the cells in this class (35/48 tested) showed a prefer-

ence for narrow slits. There was some variation in width of preferred stimulus

and in the degree to which an increase in width would affect the response. A few

cells responded as well to edges as to slits (8/48), and a few others preferred

15
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AR113 50 msec

Figure 6. Responses of an orientation cell to different colors
of an optimally positioned and oriented narrow slit.
Other properties of this cell described in Figures
3—5.

edges to slits (5/48). Almost all cells in this class responded similarly to in-
creases In stimulus length. They required an elongated stimulus, not re-
spondlng at all until some minimum length was reached. They then showed re-

V sponse improvement until the stimulus extended the full length of the receptive

16
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1 - 20 21 40 41-60 61 - 80 81-100
RANGE OF EFFECTIVE ORIENTATIONS (degrees l

Figure 7. Orientation specificity of 36 orientation cells in
area 18. Cells are grouped according to the to-
tal range of orientations eliciting excitation.
Testing was with stationary stimuli.

V 
field. Further length increases had no effect. The sole exception was one cell

that was end-stopped at one end. Almost all orientation cells were driven by

both stationary and moving stimuli ; a few preferred one or the other. All

58 cells tested with moving stimuli responded about equally well to both direc-

tions of movement of an optimally oriented stimulus. The 39 orientation cells

tested were similarly unaffected by variations in stimulus color.

Hubel and Wiesel27 ’
29 reported finding “binocular depth cells” in monkey

in the posterior bank of the lunate sulcus and in the annectant gyrus. Some cells

required the same simultaneous input from both eyes , others required a specific

disparity between stimulus locations for the two eyes. We studied cells by first

finding the best stimulus for the cell binocularly, then testing through either eye

alone. The fixation point and visual stimuli were always presented on the tangent
V screen 57 cm from the monkey. Some orientation cells responded about equally

well to monocular and binocular stimulation (Figure 8A). Other cells responded

much better binocularly than monocularly (Figure 8B). A third group (not illus-

F. trated) responded better to monocular than binocular stimulation. Of the 14

orientation cells tested monocularly, 7 showed some sign of interaction between

the two eyes.

17 
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RIGHT EYE 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ L-

ARU3 AR220 50 msec

Figure 8. Monocular and binocular stimulus presentation for two
orientation neurons. The stimulus in all three condi-
tions for both cells was an optimally positioned and
oriented white slit. The cell in A is also described in
Figures 3-6 . Receptive field center for the cell in B
was 3_1/20 lateral, 30 down.

In summary, orientation cells responded best to elongated stimuli of the
correct orientation; changing the orientation of a stimulus within the receptive
field greatly affected the responses of these cells. Most of these cells preferred
stimuli that were narrow relative to total field width. None of these cells showed
either color specificity or directional selectivity. Some had specific binocular
requirements. Most, if not all, of the cells in this class fit the definition of

“complex cells” originally proposed by Hubel and Wiesel.24

Color cells. Cells In this class (39/251, 15 percent) showed excitation or
inhibition to a single stimulus configuration depending on Its color, The cell in
Figure 9A is excited by blue, gives a brief on-response followed by sustained
inhibition to yellow, and gives mixed responses to red and green. The cell in
Figure 9B is excited by red, inhibited by blue and green, and gives mixed

18
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Figure 9. Responses of ~~~vo color cells to variations in stimulus color.
In A the stimulus was a 20 x 20 square centered on the recep-
tive field at 5° lateral, 2~ down. In B the stimulus was a
3-1/2° x 3—1/2° square centered on the receptive field at
1_1/20 lateral, 20 down. Horizontal bar above each raster
indicates stimulus onset and duration, in this and all figures
of similar format.

responses to yellow. Twenty-four cells showed similar opponent properties

when tested with these four colors and white: 13 were excited by red and inhib-

ited by green; 3 were excited by green and inhibited by red; 5 were excited by

blue and inhibited by yellow, and 3 were excited by yellow and inhibited by blue.

In the remaining 15 cells at least one color was more effective than white in

either exciting or Inhibiting the cell. In seven of these , a colored background

was useful In demonstrating a second weaker , opponent color input. ’4 Six of the
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seven cells were strongly inhibited by red and weakly excited by green. The
seventh cell was strongly excited by yellow and weakly inhibited by blue.

We also studied spatial organization of color cells. We mapped excitatory
and inhibitory regions with small spots of the appropriate colors. The cell in
Figure it) had a round receptive field with coextensive excitation to red and inhi-
bition to green. Figure 1OA illustrates the excitatory response of the cell to a
small red stimulus centered in, but not filling, the receptive field. The response

is greater to the larger red stimulus (Figure lOB) which greatly exceeds the

A

B 
~~ 

]

AR195 50 msec

Figure 10. Responses of a color cell to two different stimulus
configurations. This is the same cell whose color
properties were illustrated in Figure 9B. Testing
is with red. The recording site of this cell is
shown in Figures 1 and 2.

mapped center. A large green stimulus (Figure 9B) is highly effective in inhib-

iting the cell. There was no evidence of a suppressive surround affecting either

of the opponent color inputs. 01 19 color cells tested with stimuli of different
sizes 12 were like this cell, with no sign of any suppressive surround. A lesion

made at the site of this cell is illustrated in Figures 1D and 2.
Other color cells had suppressive surrounds affecting both excitatory and

inhibitory inputs. The cell in Figure 11 was excited by blue and inhibited by

20
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Figure 11.
_________ Effect of changes in stimulus conf igura-

C 1 . tion on the responses of a color cell.
V , 

V All stimuli were blue. The receptive
j field was mapped with the small square

shown in A. The +‘s indicate other lo-

D 
V V V V  cations where that stimulus was effec—

- tive; 0’S indicate ineffective locations. V

V 
- ,

V 
- The raster in A shows responses to the

square illustrated. The dashed line in
B-G encloses the area where small blue

E _____ 

V 
V V , 

- SPOtS drove the cell. Receptive field
P T] : ~~~~- - center was at 2-1/2° lateral, 3° down.

G f l
~~~~~~~~~~~~~~~~~~~

•

: V

V

~~~~~~

__ AR147 50 msec
10

yellow. Figure h A  shows the responses to a small blue spot, and the receptive

field map obtained with that spot. Enlarging the stimulus to cover more of the

excitatory region results in a stronger response (Figure 11B), indicating summa-
tion within the center. Enlarging the stimulus still further , however, reduces

the response (Figure 11C), revealing the presence of a suppressive surround.

Wide bars covering most of the receptive field center and extending into different 
V

parts of the surround (Figure 11D-G) elicit roughly equal responses, suggesting

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V

~~~~

2

~~~~~~~~~~~~~~~~~~~~~~

VV

~~~~~~~~~~~~~~~~ 

~~~~~~ V~~~~~~~~~~~~:~~~~~~~~~~~:~~~~~~~~~~~i J



_~~~~~V ~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ V ~~~~~~~~~ __~~~

__ 
- 

V - V

that the surround is symmetrical: it does not confer any orientation specificity

on the cell. Spatial properties for yellow were the same as for blue, namely,

there was a yellow inhibitory region coextensive with the blue excitatory region,
and a suppressive surround apparent only with large stimulus testing.

Figure 12 illustrates a color cell with a third, intermediate, type of recep- V

tive field organization. A small stimulus centered in the receptive field elicits

excitation to red and inhibition to green (Figure 12A). A stimulus larger than

the mapped center evokes a briefer excitatory response to red; the green inhibi-
tion, however, is not affected (Figure 12B). A further increase in stimulus

RED GREEN
—-- V~~ ~~V V  - V V

A E~~ )

B 

~~ 
— 

-

V : .. ::.: V 
V

C C : •:~~~ . . .  : :.
\ ) . . 

~~~~~

. V

V 
. . .- 

AR32 50 msec

Figure 12. Responses of a color cell to different stimulus colors
and sizes. The receptive field center was at 20 lat-
eral, 30 down. The dashed line encloses the area
where small red spots excited the cell and green
fnhibited it. -

size (Figure 12C) decreases the excitatory response to red even more, and

again leaves the InhIbition to green unaffected. This color cell, then, had a
suppressive surround affecting only one of the center mechanisms.

22
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Seven of nineteen color cells tested showed weaker excitatory and/or inhib-

itory responses to stimuli that exceeded the center (Figures 11, 12). Three

additional cells gave responses suggesting spatially separate color opponent

inputs. Testing of these cells was not thorough enough to allow adequate descrip-

tion of either their color or spatial properties.
Responses to stimulation through either eye alone and binocularly were

about equal for all eight color cells tested (Figure 13). Responses to moving

BOTH EYES • • ~~~• V  V

L EFT EY E

RIGHT EY E 
-

AR195 50 msec

Figure 13. Ocularity testing for a color cell. The stimulus was the red
square as illu strated for the same cell in Figure 9B.

colored stimuli were predictable from stationary field properties; cells re-

sponded about equally well to all directions of movement (10 cells tested).

In si.unmary, color cells had spatially coextensive opponent color inputs

that could be mapped with small spots. Each opponent mechanism showed sum-

niatlon within a round or oval center. Narrow, oriented stimuli were less effec-

4 tive in driving the cells than larger, nonoriented stimuli which filled the centers.

Some cells had ~appressive surrounds affecting one or both inputs; in these

cells a large stimulus was less effective in eliciting excitation or inhibition than

23 

VVV ~V.V. .~VVV.VVV ~~~VV V~~ V ~~
. ~~~~~~~~~~~ A



a smaller stimulus of the same color. Color cells showed little specificity for
stimulus orientation or direction of movement, and received binocular inputs.

Direction cells. The best stimulus for a direction cell (35/251, 14 per-
cent) was a spot or slit of light moving through the receptive field in a given
direction. Figure 14 illustrates the responses of one cell In this group to a mov-
ing slit. The cell responds best to the stimulus in E, and continues to respond,

V 
A~~~~~~~:

B I~~~~i 
• .

~~~~~

c
~% ~~~~~~~~~~~~

D - ~~ J

E ‘
~JQ~ i:. _ _ _

F 1

H 0 ;::.. ..
1° .11445 50 msec

Figure 14. Responses of a direction cell to moving stimuli. The stimulus
was 1_1/20 x 1/20; velocIty was 10°/see; arrows indicate di-
rection of movement. The receptive field center was at 80
lateral, 3— 1/2° down.

24

-
V

V. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V. _~~~~~ V V V _ •~~_ V V V _  V.~~ _ V.~~~~ 

V



____________________________________________ V. VV.V. VV
~
V
~~~~~ V~~V.V ~

V.V.V.V.
~

V.W_V. V

though less strongly, when the direction of movement is changed by first 45°
(D, F) and then 90° (C , G) on either side of the optimal direction. Movement in
the opposite direction (A) is not only ineffective in driving the cell but seems to

V decrease the cell’s activity below the spontaneous level. This cell, then, gives
its best response to movement in a “preferred” direction, and is inhibited by
movement in the opposite, or “null” direction, It responds through a total range
of directions of about 2250. Direction cells showed either inhibition or no re—
sponse to movement in the direction opposite to the preferred. Range of effec-
tive directions varied from about 450 to about 2700. We did not see any tendency

for any direction to predominate as preferred.

Orientation and direction are confounded when a moving slit is used as a

test stimulus. We therefore tested direction cell responses to moving stimuli
of various shapes. Figure 15 shows responses of another direction cell to

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C~~~~~~~
\

2° .11358 50 msec

Figure 15. Responses of a direction cell to stimuli of different shapes
moving in the preferred direction. Stimulus velocity was
10°/see , field center at 20 lateral, 30 down.
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narrow and wide slits and a square turned at an angle so that the leading edge

was a corner. The cell responds well to the wider stimuli, with responses to
V both the leading and trailing edges. The response is thus contrast independent.

The cell responds as well to the corner as to the straight edges. All cells in

this group were similarly indifferent to the configuration of the leading and

trailing edges of stimuli moved through the field.

Some direction cells (12/30) preferred shorter to longer stimuli. The cell

in Figure 16 responds about equally well to the two short slits (A,B), and less

2° 50 msec

1/20 SPOT

D •
V - -- :- :  . ~~~~~~~~~~ .

10° SPOT

E . . .

50 msec

Figure 16. Responses of a direction cell to variations in the size of moving
and stationary stimuli. Movement in A-C was 10°/sec. Station-
ary stimuli in D and E were centered on the receptive field. The
responses of this cell to different directions of movement of
stimulus B are shown in FIgure 14.
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well to the long slit (C). We did not test systematically to determine if the length
restriction was Imposed at one or at both ends. Figure 16D, E show the re—
sponses of the same cell to flashed stimuli of different sizes. The cell responds
transiently at on and off of a small, centered stimulus (D), and more weakly to

the larger stationary stimulus (E) indicating the action of a suppressive surround.
There were no responses to small spots outside the field center. About one-
(luarter of all direction cells did not respond to stationary stimuli; transient on
and off responses to flashed stimuli were characteristic of those cells that did
respond. Where stationary stimuli were effective , fields mapped with spots
were round or oval. There was no preference for oriented stimuli within the
excitatory region , and no summation to stimuli of increasing size confined to the
excitatory area. The responses of direction cells to moving stimuli were not
predictable from receptive field maps obtained with stationary stimuli.

Direction cells could be classified as “complex” or “hypercomplex”.24 ’25

The differences among cells in sensitivity to sVtimulus length, however, seemed
far less significant than the strong sensitivity to direction of movement common
to all the cells in this group. Furthermore direction cells have the following
properties which distinguish them from orientation cells: (1) weak or no re-
sponses to stationary stimuli and no orientation specificity, (2) directional selec-
tivity, with the strongest response to movem ent in the preferred direction and no
response to movement in the opposite direction, (3) broad range of effective di-
rections of moving stimuli, and (4) good response to, and sometimes a definite

V preferenc e for , short stimuli. The distinction between orientation and direction
cells in both area 17 and area 18 is also supported by the findings of Dow (manu-
script in preparation) in anesthetized, paralyzed animals.

For six cells tested with colored stimuli , no color specificity was evident.
Monocular presentation of an appropriate stimulus moving in the preferred cli-

rection was about as effective as binocular presentation (five cells tested).

In summary, direction cells were concerned with direction of movement

through their receptive fields. They were indifferent to stimulus contrast, color

27 
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and configuration; some were sensitive to stimulus length, preferring shorter
stimuli. They showed weak responses and little specificity to stationary stimuli.

Spot cells. The optimal stationary stimulus for these cells (33/251,
13 percent~ was a properly positioned small spot; changing the position of a
small stimulus , or increasing the size of a properly positioned spot, resulted in
weaker responses. In Figure 17 the best position is 2 ; positions 3 and 1 give

FP
0

~~~~~~~~~
/

01+ EU W
I I

+ 0
0’+ + /

/

~~ ~
__ ±_ .-

0 1°

1 - 
~~~~~~~~~~~~~~~~~~~

~~

V .11020 50 msec

Figure 17. Responses of a spot cell to small stimuli at different positions.
1, 2, 3 , 4 refer to positions of the spot which evoked the re-
sponses shown in the rasters below. The dashed line encloses
the total area in which a spot was an effective stimulus. FP
shows the location of the fixation point. The microelectrode
recording trace corresponds to the top line of raster 1.
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weaker responses, and position 4 gives almost no response. Increasing the

length (Figure 18B) or the width (Figure 18C) or both length and width (Figure

18D) of an optimal stimulus results in a less sustained excitatory response.

—-I - .A
V :. . —— — —  — — .

B : ~~~ ...:._-:

—
— —. —.. .—.

~‘ I~~~~~~, .... . :— — : V —.
/ :. ~~~~~~ 

•—
~

—— -.

D ~~~ 

E !-:~1~-
J1020 50 msec

Figure 18. Responses of a spot cell to variations in stimulus size and
orientation. This is the same cell described in Figure 17.

V Extending the stimulus well beyond the receptive field borders (Figure 18E)
weakens the response still further. This cell responded well to all directions
of stimulus movement tested (Figure 19).

V All cells in this class had round or oval receptive fields. None showed
orientation specificity. Preferred stimulus size was typically small relative to
total field size. Cells varied in optimal stimulus size and in the degree to which
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Figure 19. Responses of a spot cell to eight directions of movement.
Stimulus was a white slit, 2-1/2° long and 1/2° wide,
moving through the field at a velocity of 14°/sec. Other

V properties of this cell are illustrated in Figures 17 and
18.

an increase in stimulus size would affect the response. The cell illustrated in

Figures 17—19 had one of the largest fields seen; other spot cells at the same

eccentricity had receptive fields as small as 10 in diameter. Most spot cells

responded well to moving stimuli. All 23 cells tested were nondirectional in

their responses to moving stimuli. The eight cells tested monocularly responded

through either eye alone; we did not do enough monocu lar testing to determine
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if details of field organization were the same in the two eyes. There was no
evidence of color opponency in any of the 17 cells tested.

Border cells. Border cells (33/251, 13 percent) responded optimally to a

stimulus which filled an excitatory region as long as it did not encroach on a
powerful suppressive flank. Figure 20A shows the response of a border cell to

a small spot centered in the excitatory area. Filling this region (Figure 20B)

A 
V . : V

~~~~~
V
;:

B fl ~~ V 1 V ~~~~~~~~~ V . 
~V
:

C 

~1 H.::E.

E f[I I
FT ~~ V

.11386 50 msec

Figure 20. Responses of a border cell to different stimulus configurations.
The excitatory part of the cell ’s receptive field is indicate d by
the dashed line; the heavie r dashe d line at the left Is the ap-
proximate location of the border between excitatory and sup-
pressive areas. The receptive field center was at 2_1/20
lateral , 40 down.
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gave a stronger response, indicating summation within the area. Increasing the
size of the stimulus further (Figure 20C) completely eliminated the response.
Extending the stimulus above and below (Figure 20D) or to the right (Figure 20E)
in the field had little effect on the cell’s response, whereas extending the stimu-
lus to the left (Figure 20F) reduced the response considerably. The border for
this cell was drawn therefore at the left edge of the field. Stimuli extending
obliquely were not tested, so the exact location and shape of the border between
excitatory center and suppressive flank are somewhat uncertain.

Figure 21 emphasizes with another cell the precise nature of the border
and the strong suppressive effect of the flank. The stimulus in Figure 21A is

V..
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Figure 21. Responses of a border cell to different positions of a stimulus
relative to the border. The dashed line indicates the border,
with the excitatory region below and the suppressive flank
above. Field center was at i~ lateral, 20 down.
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quite effective in driving the cell. If that stimulus extends across the border by
a fraction of a degree ~Figure 21B~ the response is considerably weaker. If the
stimulus extends across the border still further (Figure 21C) the response is
nearly abolished. Figure 21D, li again show the highly asymmetrical arrange-
ment of the suppression; stimuli extending along the border just below it weaken
the response less than stimuli crossing the border, We have drawn the borders

for these cells as straight lines. For some cells , the best stimulus was a tongue
or corner, suggesting that the border was more complicated than a straight line.
None of the 10 border cells tested showed color opponency. Most responded well
to all directions of movement of a small spot through the excitatory part of the
receptive field. Larger moving stimuli were effective as long as they did not
encroach on the flank. Four cells tested responded well monocularly.

Border cells resemble hypercomplex cells~~’
25 in having a suppressive

region which delimits the extent of an effective stimulus. However , neither the
activating nor the suppressive region of border cells displayed much sensitivity
to orientation. Further , the summation properties of border cells were more
characteristic of simple than of complex cells24 suggesting that inputs to border
cells probably do not come from orientation sensitive complex cells. We there-
fore rejected the designation “hypercomplex”; these cells may well, however ,
represent a further stage in the processing of form.

Border cells, then, have an excitatory field limited in extent by a suppres-
sive flank. Their responses may be predicted from the principles of summation
within, and antagonism between, the two regions.

Light—inhibited cells. Cells in this class (26/251, 10 percent) were dis-
tinguished by high, maintained spontaneous activity which was decreased or
abolished by light falling in their receptive fields. It was frequently possible to
plot receptive fields with spots of light; fields were round or oval, and showed
summation. A few cells required a stimulus as large as the total receptive field
extent. Figure 22 shows the increased effectiveness of a stimulus filling the
field center (Figure 22B) compared to a smaller spot in the field (Figure 22A).

33



_VV~ ~~~~~~~~~~~~~~~ ~V~~~ V . V  V ~~~~~~~~~~~~~~~~~~~

A 
-

B : : ‘:~~. .

\ 
: . :  .

C — 
- V • V • V

I V V

‘~~ _ / ::“ . . :. : . . . 
~
.

AR2O1 50 msec
1°

Figure 22. Responses of a light-inhibited cell to stimuli of different
sizes. Receptive field center 3-1/2° lateral, 3-1/2°
down.

A still larger stimulus is slightly less effective (Figure 22C), suggesting the

presence of a suppressive surround. Six of seventeen cells tested likewise

showed evidence of a suppressive surround. Seven cells tested with moving

stimuli were all inhibited while the stimulus was on- the receptive field regard-

less of its direction of movement. We found no evidence of opponent color in-

puts to these cells. Two cells were tested monocularly as well as binocularly;

both responded about equally under the three conditions.

Cells in this class were inhibited by light falling on a certain region of the

visual field. They lacked sensitivity to orientation and direction of movement,

and did not show color opponency. Some had antagonistic surrounds limiting

the size of a stimulus that would elicit the inhibition.
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DISCUSSION

Classification of cells. The major finding to emerge from this study is
that different cells are specialized to perform qualitatively different analyses

of incoming visual information. We have identified six distinct kinds of analysis,
each performed by a separate class of cells . Each class is named for the stim-

ulus parameter to which the cells included are most sensitive, the parameter

whose variation elicits the greatest modulation in the response of the cells.
One class of cells is most sensitive to the orientation of elongated stimuli ,

a second class to stimulus color , and a third class to direction of stimulus

movement. Of the remaining three classes , spot cells are sensitive to the size

and position of small stimuli in their receptive fields, border cells are sensitive

to the position of stimuli relative to their “borders”, and light-inhibited cells

are sensitive to the presence of light in their receptive fields. In addition to dif-

ferences in stimulus sensitivity among classes , there are also differences in re-

ceptive field organization. Orientation cells and spot cells tend to prefer stimuli

that are small relative to receptive field size. Color cells and light-inhibited cells

have nonoriented fields with summation through the centers; some cells in those

two classes have suppressive surrounds. Border cells show summation within,

and antagonism between, excitatory and suppressive regions. Direction cells

respond weakly to stationary stimuli; some have suppressive surrounds.

Figure 23 summarizes the results , showing the distribution into six

classes of 251 cells recorded from three monkeys. Orientation cells form the

largest class. The remaining cells are about equally divided into the other five

classes.

Information processing in areas 17 and 18. On the basis of their plo-

neering studies of receptive fields in areas 17 and 18 of the cat, Hubel and

Wiesel24 ’
25 proposed a serial model of cortical visual processing. The model

suggested that lateral geniculate axons converge on cells with simple properties;

simple cell outputs then combine to form complex cells, and complex converge

to hypercomplex. Any cell encountered in striate cortex could theoretically be
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Orientation Cotor Direction Spot Border Light-
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CELL CLASS
Figure 23. Receptive field classes of 251 cells recorded in area 18 in three

monkeys: orientation 85/251, 34 percent; color 39/251, 15 per-
cent; direction 35/251, 14 percent; spot 33/251, 13 percent;
border 33/251, 13 percent; light-inhibited 26/251, 10 percent.
Each class is divided to show number of cells from each monkey.
Monkey J was studied first, AN second, and AR third.

placed somewhere in this hierarchical chain. There have been several chal-
lenges to this model. 11, 15,23,32,37 Dow11 proposed a model whereby cells
with different properties, such as orientation cells, color cells, and direction
cells would constitute independent neuron chains all present in striate cortex.
Our data lend support to this notion of multiple processing chains in area 17.

V 

Five of the six cell classes seen in area 18 have clear predecessors in
area 17: orientation, color, direction, spot and light- inhibited. Orientation
cells in area 18 could receive inputs from orientation sensitive cells in striate
cortex. 11,14,26,35,40 Color cells in area 18 which lack surrounds could re-
ceive input from color cells In area 17 with the same properties. 14,35 Color
cells with surrounds might receive fibers from nonoriented area 17 double 

V
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opp onent cells ,22 ’26
’34 or be built up from single opponent color cells located

in either area 17 or area 18. Area 18 direction cells could receive afferents

from directionally selective cells in area 1711,40 (also Dow, in preparation).

Spot cells could receive inputs from nonorlented cells lacking color specificity

in area 17. 11,26 ,35 Light-inhibited cells might receive inputs from nonoriented

striate neurons more active in dark than in light.~ ’30
’
40 Although this scheme

could explain the formation of area 18 receptive fields solely from striate affer-

ents , recent anatomical evidence Indicates that area 18 of the rhesus monkey re-

ceives an input from the Inferior pulvinar.6 Some properties of area 18 neurons

might reflect this input.
Because of the striking dissimilarities among cells in the different classes

in sensitivity to stimulus parameters such as color, orientation, and direction

of movement , and in the spatial organization of their receptive fields, it seems

unlikely that cells in one class serve as building blocks for cells in any of the

other classes. Rather, the data suggest that cells in separate classes process

different kinds of visual information independently of each other.

Zeki has studied the visual responses of cells in two other prestriate areas

of the monkey. He reported a preponderance of color coded cells in one area on

the anterior bank of the lunate sulcus,42 and of movement sensitive cells in

another area on the posterior bank of the superior temporal sulcus. 16,43 His

data suggest that cells with different functional properties may eventually be seg-

regated into separate prestriate areas. In contrast, we find several functional

cell types in area 18. Possibly cells in these separate groups in area 18 send

their outputs to different prestrlate visual areas.

Cells with compound specificitles such as color orientation or color direc-

tion have been described in area 17.11,14,22 ,26 ,34,35 The transition from area

17 to area 18 Is not marked by the development of more cells with compound

specificitles. Such compound cells in area 17 might project to cortical regions

other than 18, or might contribute inputs to area 18 direction or orientation cells

without preserving the color specificity.13
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There are many monocular cells in area 17;26
~
35 all of the cells we tested

in area 18 were binocular. Clearly, the transition from area 17 to area 18 en-

tails convergence of inputs from the two eyes onto single cells. Some area 18

cells have specific binocular requirements ; others simply receive inputs from

both eyes.
Implications for the neural basis of vision. The finding that different pop-

ulations of cells in areas 17 and 18 are maximally sensitive to different stimulus

parameters implies that, at least at this stage in visual processing, the neural
V representation of visual stimuli is accomplished through the simultaneous activ-

ity of cells in different groups, some responding, for example, in relation to

form, others to color , and others to movement, rather than through the activity

of single cells with compound specificities. We have described cells in terms of

optimal stimulus requirements. For each class we have attempted to describe

not only the stimulus parameter of greatest relevance, but all subsidiary stimu-

lus parameters that must be specified to elicit the maximal excursion above and

below base line from a given cell. While the optimal stimulus must be rather

well specified, for any cell there are a great number of stimulus configurations

that can elicit a given submaximal response. If one accepts the proposition that

submaximal firing to suboptimal stimuli represents signal and not noise,17’
33 it

is clear that the neural specification of even one aspect of a complex stimulus

also requires the activity of multiple cells , all within the relevant class. Con—

sider just the analysis of form, as performed by orientation cells. For an orien-

tation cell, the optimal stimulus must first be in the correct place in the visual

field. It must also be of the correct orientation, of some minimal length and

some specified width. Changing any of the parameters could result In decreased

effectiveness of the stimulus, and a variety of different stimuli could thus have

the same effect on the cell; one could, for example, change the position of the

stimulus, tilt it off the correct orientation by either clockwise or counterclock-

wise rotation, decrease the length, or increase the width, and obtain equivalent

subniaximal responses to physically very different, suboptimal stimuli. It would
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also be possible to alter the optimal stimulus in ways that have no effect on the
cell’s response, e.g. , by increasing the length. A given suboptimal firing rate
of one of these cells is not, then, unambiguous lv related to some external visual
stimulus.

While the result of these various manipulations might be the same to the
cell under immediate consideration, they would have different effects on other
cells, increasing the effectiveness of the stimulus for some , decreasing it for
others. Unambiguous representation of a stimulus could then come about through
consideration of the pattern of activity across all cells affected. Most “real”,
complex visual stimuli would be optimal for few cells , and effective in activating
a rather large number of cells , in several c lasses , at a submaximal level.

Stimuli would, therefore , be “detected” through the activity of many cells rather
than by single, highly specified feature detectors.
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